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ABSTRACT

The planetary waves of stratospheric ozone and temperature and their
meridional wave transport near 52°N during the middle February 1981 warming
have been examined in detail by using ozone profiles derived from the
Stratospheric Aerosol and Gas Experiment (SAGE) and associated
meteorological information. The computed results show clearly large
temperature wavenumber 1 developments in the upper stratosphere centered at
an altitude of 44 km, and also in the lower stratosphere with a peak at
about 22 km. The maximum intensities, about 12°C and 10°C in the upper and
lower stratospheres, respectively, occurred on February 15, 1981. In
comparison, the corresponding wavenumber 2 component was much less intense,
especially in the upper stratosphere, but its activities in the lower
stratosphere centered at 22 km were clearly visible. During almost the
entire data period of this study, wavenumber 2 activity was declining. The
results of the corresponding ozone mixing ratio wave exhibit a distinct
development of wavenumber 1 in the upper stratosphere centered at 44 km,
with the peak intensity occurring also on February 15, 1981. In the lower
stratosphere, the ozone wavenumber 1 activity was much less intense and
remained rather steady during the entire period of this middle February
warming. Similar behavior was found for the wavenumber 2 ozone mixing
ratios. With respect to ozone eddy transports, the results show a layer
with poleward transport between altitudes of approximately 30 km to 40 km.
This transport was found to be declining during the middle February 1981
warming. Above 40 km, ozone was found to be transported equatorward with
the peak intensity occurring on February 15 at an altitude of 44 km. The

results also indicate that this ozone transport can be accounted for largely




by the wavenumber 1 activity. In the case of eddy temperature transport,
the results show large poleward fluxes above about 30 km. A peak of the
fluxes took place on February 14, 1981, at an altitude of 44 km. Like the
case of the ozone transport, the wavenumber 1 component was found to account
largely for the temperature transport. In addition, a comparison of the
calculated results of this wavenumber 1 dominant middle February 1981
warming with those of the late February 1979 warming, which involves

disturbances with an outstanding wavenumber 2 component, is discussed.



1. INTRODUCTION

Due to its role in protecting the surface environment from harmful
ultraviolet radiation and in affecting the earth's climate, the behavior of
the atmospheric ozone layer has been a subject of extensive investigation
(NASA, 1979; Ditsch, 1981; WMO, 1981). It has been recognized that the ozone
distribution is maintained by a complex interaction of photochemical,
dynamical, and radiational processes (e.g., Ditsch, 1971; Cunnold et al.,
1980; Hartmann and Garcia, 1979; Garcia and Hartmann, 1980; Hartmann, 1981).
The first theoretical photochemical model that explained the existence of
the stratospheric ozone was developed by Chapman (1930); the so-called
Chapman reactions (see, e.g., Craig, 1965). Later in the 1940s, it was
shown that the observed ozone distribution in the lower stratosphere could
only be understood if it was influenced by meridional ozone transport during

the winter season (e.g., Craig, 1950).

Perhaps one of the most interesting features of atmospheric ozone is
the northern spring maximum in the annual variation of total ozone occurring
at high latitudes in the northern hemisphere. It was suggested that ozone
transport, due to large-scale quasi-horizontal eddies, is responsible for
this spring ozone buildup (Prabhakara, 1963; Newell, 1964; Craig, 1965;
Ditsch, 1969, Cunnold et al., 1980; Holton, 1980a). There is no doubt that
this spring total ozone buildup is closely associated with the development
of stratospheric warmings. Both the spring total ozone maximum and
stratospheric warmings are intimately related to the event of amplifying
stratospheric planetary waves (see e.g., Holton 1980b). The amplification

of those large planetary waves during the winter season is primarily the




manifestation of the response of the stratosphere to meteorological
disturbances in the troposphere. The planetary scale topography (Schoeberl
and Strobel, 1980), and the thermal forcing due to 1land-sea heating
(Dickinson, 1980), are believed to be sufficient to produce large-scale

atmospheric disturbances.

In a sense, observation of the development of large-scale stratospheric
ozone and temperature waves during the winter at high latitudes provide a
unique opportunity for comparison with theoretical model prediction to
assess current understanding of the behavior of stratospheric ozone. The
development of this large-scale wave as a response of the stratosphere to
tropospheric disturbances and also the transport effects of these waves have
been investigated using theoretical models (Hartmann and Garcia, 1979;
Garcia and Hartmann, 1980; Kawahira, 1982; Kurzeja et al., 1984; Rood and
Schoeberl, 1983a,b). Meanwhile, studies based on satellite observations are
becoming available (Barnett et al., 1975; Gille et al., 1980; Nagatani and

Miller, 1984; Wu et al., 1985).

In addition, ozone data based on the Stratospheric Aerosol and Gas
Experiment (SAGE) have been used recently in conjunction with the associated
meteorological information to study the behavior of planetary waves of ozone
and temperature and their wave transports during the late February 1979
stratospheric warming (Wang et al., 1983, hereafter referred to as WMC).
Even though the analysis did not derive the detailed ozone budgets due to
insufficient data, the results in WMC show many interesting features.
Specifically, the ozone and temperature waves are shown to be in phase in

the lower stratosphere (below ~25 km), out of phase in the wupper



stratosphere (above ~38 km), with a transition region in between. In the
upper stratosphere, an intense equatorward eddy ozone transport was shown to
be accompanied by a poleward eddy heat transport during this late February
1979 warming. The analysis in WMC (which is based on a single case study)
also shows a rapid increase in ozone column density above 10 km over the
data period analyzed. This increase was found to be primarily a response to
the change of zonal mean ozone number density in the lower stratosphere.
Since there is considerable variability in the manifestation of the warming
events and amplifying planetary waves from year to year (Schoeberl, 1978;
Labitzke, 1981; Labitzke and Goretzki, 1982), results from observations of

different warming events are highly desirable.

The purpose of this study is twofold. First, the behavior of planetary
waves of ozone and temperature and their wave transports during the middle
February 1981 stratospheric warming will be studied in detail by utilizing
the SAGE ozone measurements and associated meteorological data. Second, the
analyzed results of this middle February 1981 warming will be compared with
those of the late February 1979 warming described‘in WMC (1983). As will
be shown, these two warming events correspond to two quite different
stratospheric circulations at high latitudes. A comparison of the behavior
of ozone and temperature waves between those two events may enhance our

understanding of their behavior during warming events.




2. DATA AND APPROACH

Similar to WMC (1983), the results of SAGE ozone measurements and the
associated meteorological information provided by NOAA's National
Meteorological Center are used in this analysis of the mid-February 1981
warming event. In WMC, we have described the general characteristics of
SAGE ozone and meteorological data sets relevant to the planetary wave
studies. In this study, we will mention only specific aspects of these

observations which are important to our analysis.

The SAGE instrument was carried aboard the AEM 2 satellite with a 55°
orbit inclination and an orbital period of 96.8 min. The instrument
utilized the solar occultation technique to measure the attenuation of solar
intensity through the earth's atmosphere during spacecraft sunrise and
sunset at wavelengths centered at 0.385, 0.45, 0.60, and 1.0 ym. The ozone
concentration profiles were deduced from the measurements in the 0.60 um
channel centered at the peak of the Chappuié ozone absorption band (Chu and
McCormick, 1979). As a result of the orbital characteristics, the
successive SAGE sunrise/sunset measurements were separated by a 24° shift in
longitude and a slight shift in latitude of about 0.2 - 0.3° at the
latitudes of interest for this study (see table). Both sunrise and sunset
measurements covered a latitude belt from 79°S-79°N (depending on the
season), shifting from one extreme latitude to the other in about one and a
half months, providing about 15 sunrise and 15 sunset measurements per day.
Since the latitudinal shift was a minimum at the highest latitudes, the SAGE
daily measurement locations were located along a nearly constant latitude

circle at high latitudes. This measurement feature enables us to derive the



planetary waves of ozone and temperature as well as their fluxes on a daily
basis. Additional details of the SAGE observations can be found in

McCormick et al. (1979).

It should be noted that about 5 months after the SAGE instrument was
launched, the AEM 2 satellite power system developed problems. As a result,
there were no sunrise measurements available after July 1979. The entire
SAGE observation period covers 34 months from February 1979 to November 1981
(Fig. 1). For the purpose of examining the behavior of winter planetary
waves, it is desirable to use data obtained at high latitudes where the
waves are most active. As shown in Fig. 1, the SAGE measurement locations
reached the highest northern latitudes on two occasions centered around
January 1 and March 6 during the winter 1979-1980. Unfortunately, the
highest latitude of the SAGE measurements around January 1, 1980, is about
46°N. As for the measurements near March 6, 1980, the highest latitude
reached was 58°N, but data gaps were found in the retrieved profiles for
this period. For these reasons, it was decided to examine the case of the
winter 1980-1981 instead. During this winter, there were 10 consecutive
daily SAGE ozone profiles from February 12 to 21, 1981, available for the
analysis. The peak latitude near 54°N occurred on February 17, 198l. The
table indicates the average latitude and the number of profiles of the SAGE
daily measurements for these 10 days. The overall averaged latitude for
this 10-day period is about 52°N which is only slightly lower than the
February 1979 case discussed in WMC (1983). It is important to note that
this 10-day period covered approximately the second half of the major
midwinter warming which occurred in February 1981 as reported by Labitzke

(1982).




In this analysis, the method for deriving the planetary waves of ozone
and temperature and their fluxes using SAGE ozone and meteorological data
sets is essentially the same as that described in WMC (1983). For this
reason, we will not repeat the discussion here. Since one of the purposes
of this study is to compare the ozone and temperature waves and their eddy
transports between the late February 1979 and the middle February 1981
warmings, a general description on the synoptical meteorological aspects of
the northern high latitude stratosphere during these warming periods is
included in the analysis. These data will help to illustrate some features
of the atmospheric circulation and thermal structure which are not obvious
from an examination entirely in terms of their harmonic components. As will
be seen in the next section, there are considerable differences in the

stratospheric circulation pattern between these two warming events.



3. RESULTS AND DISCUSSION

In this section, we first show the development of the arctic
circulation pattern for the middle February 1981 warming. For comparison, a
description of the late February 1979 warming is included. The results of
harmonic analyses of the ozone mixing ratio, temperature, and eddy
meridional velocity are given in the second part of this section, followed
by a description of the horizontal meridional ozone and temperature
transports by planetary waves. In the last part of this section, the phase
relationship between ozone mixing ratio, temperature, and eddy meridional

velocity is examined.

a. Synoptical meteorology of the high latitude stratosphere for the middle

February 1981 warming

Some aspects of the warming event of 1980-1981 have been discussed by
Labitzke and Goretzki (1982). It began with the development of an Aleutian
anticyclone which indicated the amplification of a wavenumber 1 disturbance
in November 1980--the so-called Canadian Warming. In December 1980, the
wave activities were generally mild and the monthly mean 30-mb North Pole
temperature was -82°C--the coldest temperature since the winter 1958-1959.
This situation extended to the middle of January 1981. During this period,
the high latitude northern hemisphere was characterized by the development
of an intense quasi-circular polar vortex as shown in the 30 mb upper air
map on January l4, 1981 (Fig. 2a). Thereafter, this polar vortex was
disturbed by amplifying planetary waves, mainly wavenumber 1 (Fig. 2b). By
middle February, the high latitude zonal mean thermal structure showed a

reversal of the latitudinal temperature gradient, indicating the occurrence




of a major midwinter warming. According to Labitzke and Goretzki (1982),
the monthly mean 30-mb North Pole temperature had increased from -82°C in
December 1980 to -56°C in February 1981. Figure 2c shows the 30-mb upper
air map on February 15, 1981, in which the remainder of the wavenumber 1
disturbance is still clearly evident. It is interesting to note that the
wavenumber 1 height disturbance had shifted its phase by an amount close to
180° from January 25 to February 15. Note also that the cold center, which
was located near the North Pole just before the development of planetary
wave disturbances on January 14, 1981 (Fig. 2a), had moved to ~60°N latitude
west of Canada by February 15, 1981. At the same time, warmer air masses

had appeared in the polar region (Fig. 2c).

In the second half of February, the activity of planetary wave
disturbances became much weaker and the polar vortex began to regain some of
its strength (Fig. 24). This stage corresponds to a period of the so-
called "late winter cooling" (Labitzke and Goretzki, 1982). Later, there
was a further development of wavenumber 1 disturbance which reached its peak
intensity on about March 3, 1981. Thereafter, the arctic stratosphere was
gradually replaced by the summer circulation system. It is interesting to
note that Labitzke (1982) had shown that this wavenumber 1 dominated winter
disturbance took place during the westerly phase of the equatorial quasi
biennial oscillation (QBO) (at 50 mb), and not on the easterly phase as most
wavenumber 1 developments show. She further indicated that only wavenumber
1 winter events which occurred near sunspot maxima exhibit this unusual
feature. For comparison purposes, it is essential to this investigation to
also describe the circulation which occurred in the polar region during the

late February 1979 warming.



The synoptic aspects of the circulation of the winter 1978-1979 have
been discussed by Noxon et al. (1979) and Syed and Harrison (1981) in their
studies on the behavior of NOj abundance during the warming of January-
February 1979. The behavior of planetary wave disturbances of the
temperature and height fields of this winter also have been investigated in
detail by Quiroz (1979) and Labitzke (198l1). Before January 15, 1979, the
polar stratospheric circulation system showed only mild fluctuations in
these fields except for a few days around December 8, 1978. During these
days, an Aleutian anticyclone developed indicating an amplification of
height wavenumber 1. In the period beginning on January 15 to early March
1979, the northern polar stratospheric circulation system went through
several interesting changes. First, there was the formation of an unusually
strong Aleutian anticyclone which led to the amplification of wavenumber 1
disturbance at 30 mb with the peak intensity occurring on about January 26.
Second, about the same day, the stratosphere showed the first reversal of
the meridional gradient of mean stratospheric temperature. Thereafter, this
anticyclonic system weakened and the disturbed polar vortex tended to regain

its strength with its center moving back toward the pole.

Figure 3a shows the 30-mb arctic upper air map for February 9, 1979.
This polar vortex became well established again by about February 12.
Beginning that day, the vortex exhibited an elongation of its circulation
pattern approximately along the east-west axis, with the appearance of two
low pressure systems (Fig. 3b). Meanwhile, two high pressure systems
developed on each side of the elongated polar vortex (Fig. 3b), indicating

an amplification of wavenumber 2. This development in the arctic




stratosphere culminated in the splitting of the polar vortex (Fig. 3c) and
the reversals of the zonal mean arctic flow, as well as the meridional
gradient of mean stratospheric temperature--a major final warming (Quiroz,
1979). By the end of February, these wavenumber 2 dominated disturbances
began to decay. In the following month, there were only mild fluctuations
of the height field in the form of wavenumber 1. During the month of April
1979, the flow in the arctic winter stratosphere was gradually replaced by

the summer circulation system.

From the above discussion, it is clear that the development of_the
arctic winter disturbances in the two winters 1978-1979 and 1980-1981 are
rather different. In the latter case, the arctic disturbances involved
primarily wavenumber 1 fluctuations during the entire winter season. In the
former case, on the other hand, the polar stratosphere showed disturbances
involving both wavenumber 1 and 2 with each dominating during different
periods. It should also be mentioned that in WMC (1983), the period of the
data set analyzed only covered the peak of the wavenumber 2 development.
The data set used in this analysis, however, covers essentially the second
half of the major midwinter warming, the decaying stage of a strong

wavenumber 1 disturbance.

b. Evolution of planetary waves

Figures 4a - 4c show the evolution of the temperature wavenumbers 1 and
2 disturbances and also the zonally averaged temperature during the mid-
February 1981 stratospheric warming from February 12 to 21, 1981,
respectively. In the case of the wavenumber 1 evolution (Fig. 4a), the

stratosphere exhibits three distinct layers that are centered approximately
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at 22 km, 32 km, and 44 km, respectively. 1In the middle layer, a mild
decrease in the wave amplitude is shown. The behavior of the waves in the
lower and upper layers is very similar, showing an intensification in the
first 4 days and a rather steady decay afterwards. The maxima of the wave
amplitudes, approximately 12°C and 10°C in the upper and lower layers,
respectively, appeared on February 15. The calculated amplitudes for
wavenumber 2 temperature show generally a mild decay of the wave in the
altitude region from 10 km to 50 km throughout the entire data period of
this analysis (Fig. 4b). From Figs. 4a and 4b, it is clear that the
temperature disturbances in this mid-February warming are dominated by
wavenumber 1 activities. In the case of the zonal mean component (Fig. 4c),
no significant variation is shown during this 10-day data period. However,
a 2°C increase in the mean temperature is noticeable between 28 km and 38 km

in the period from the 5th day to the 10th day.

In comparison with the case in WMC (1983), wavenumber 2 and mean
temperature disturbances for this mid-February warming are smaller in
magnitude. Wavenumber 1, however, is more intense overall, except in

regions above ~38 km where they are comparable in magnitude.

The derived amplitude of the first two harmonic components of the eddy
meridional velocity are shown in Figs. 5a and 5b, respectively. Wavenumber
1 shows an intensification from day 1 to day 3 above approximately 20 km
(Fig. 5a). A peak value of 16.5 m/sec appeared on day 3 at about 37 km.
Thereafter, the wave decayed. Below about 20 km, the wave amplitudes are
relatively small (Fig. 5a). In Fig. 5b, the result of wavenumber 2 shows a

decay of the wave throughout the data period of this study between 10 km and

11




50 km. The strength of the wavenumber 1 disturbance (Fig. 5a) is about 1.5
times that observed in WMC (1983), while the wavenumber 2 strength of the

disturbance is only about half.

The first two harmonic components of the ozone mixing ratio are given
in Figs. 6a and 6b. The noticeable features of the first component
(Fig. 6a) are the appearance of a maximum of the mixing ratio at 44 km about
February 15, 1981. The variation of ozone mixing ratio in a layer between

40 and 50 km seems to be associated with that of the temperature wavenumber

1 (Fig. 4a). Below about 40 km (Fig. 6a), a relatively steady-state
condition is observed. In the case of ozone wavenumber 2 (Fig. 6b), the
amplitude is only about half that of wavenumber 1. Figure 6b also shows

that most of wavenumber 2 activities were in the upper stratosphere above
about 30 km. Below 30 km, wavenumber 2 is relatively weak. The evolution
of zonal mean ozone mixing ratio is given in Fig. 6c. Below about 30 km
(Fig. 6c), little change is observed in the mean ozone mixing ratio during
the data period of this study. In the layer between 30 km and 42 km, there
is a slow increase in the ratio in the latter half of the period. Above
42 km, there is a noticeable decrease in the ozone mixing ratio in the

entire data period of this study.

In comparison, the data shown in Figs. 6a and 6c are, in many respects,
similar to those shown in WMC (1983, Fig. 6). In both cases, ozone
wavenumber 1 disturbances are observed to be more intense in the upper
stratosphere component. Slight increases are also observed in the zonal
mean ozone mixing ratio in the lower stratosphere below 30 km. Particularly

noteworthy is the fact that ozone wavenumber 1 disturbances in the upper
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stratosphere are clearly correlated to that of temperature wavenumber 1 in
both warmings. This correlation between temperature and ozone wavenumber 2

amplitudes, however, is less clear in the analysis of these two warmings.

In order to examine the changes in the columnar ozone above 10 km
during the mid-February 1981 stratospheric warming, the evolution of zonal
mean ozone number density in this event is also derived based on the SAGE
ozone data set. From Fig. 7a, which shows the computed results, it is
evident that there is an increase in ozone concentration in the lower
stratosphere centered at altitude 20 km. Above 24 km (Fig. 7a) no apparent
changes in the mean number density are observed. It is interesting to note
that the behavior of zonal mean ozone density in this mid-February 1981
warming is very similar to the late February 1979 event (WMC, 1983). The
associated time variation in the ozone columnar density, given in Fig. 7b,
exhibits a monotonical increase in value beginning on the 3rd day. This
increase in ozone columnar abundance is primarily a response to the increase
in the ozone concentration in the lower stratosphere as illustrated in
Fig. 7a. A similar situation was also found in the late February 1979
stratospheric warming event (WMC, 1983). 1In comparing the ozone columnar
density of this analysis with that described in WMC (1983), it is found that
the overall values in the late February 1979 event are generally greater

than those occurring in this mid-February 1981 warming.

c. Horizontal ozone and temperature transports by planetary waves

The computed eddy ozone transports associated with the first two wave
components in the mid-February 1981 warming are displayed in Figs. 8a and

8b. The remarkable features of the wavenumber 1 transport (Fig. 8a) are the
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clearly defined altitude regions for the poleward and the equatorward ozone
transports throughout the entire data period of this analysis. Above 40 km,
a distinct layer of equatorward eddy ozone transport is observed (Fig. 8a),
with a maximum value of 4.5 ppmv ms-1 occurring on February 14, 1981, at
44 km, Below about 28 km, an equatorward transport is also observed
(Fig. 8a), but it is much weaker than the one above 40 km. In the layer
between 28 and 40 km, the eddy ozone transport is mainly toward the North
Pole. In this region, a slight increase in the transport is observed during
the first 4 days, which decayed thereafter. A maximum poleward
transport of 0.3 ppmv ms-1 appeared at 36 km on the same day (February 15,
1981) that the equatorward transport reached its peak value in the upper

stratosphere.

An analysis of the ozone transport associated with wavenumber 2
indicates a poleward transport below 40 km and equatorward transport above
40 km in the first 2 to 3 days (Fig. 8b). Later, the equatorward transport
system in the upper stratosphere is observed to increase slightly, reaching
a peak value of 3 ppmv ms-l at 46 km on February 15, 1981. On February 14,
1984 (Fig. 8b), a change in transport direction is observed within the layer
between approximately 24 km and 38 km from poleward to equatorward. After
February 15, the wavenumber 2 eddy ozone transport in the entire layer is
observed to decay. From Figs. 8a and 8b, it is evident that the wavenumber
2 eddy ozone transports are generally weaker than wavenumber 1 in this
particular warming. The sum of the eddy ozone transport due to the first
three wave components is given in Fig. 8c. Since the transport due to
wavenumber 1 is relatively strong, the transport shown in Fig. 8c exhibits
features similar to those shown in Fig. 8a. By comparing Fig. 8c with the
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corresponding results presented in WMC (1983), one will notice that they
exhibit generally similar features. In both cases, the ozone mixing ratio
transport exhibit three distinct layers, namely, two equatorward transport
layers (one in the upper stratosphere and one in the lower stratosphere) and
a poleward transport layer in the middle stratosphere. There are, however,
slight differences in the vertical extension and the center altitude of

these layers for the two warming cases.

Since eddy ozone mass transport is directly related to changes in total
ozone amount, the contributions of the first two wave components to this
transport during the mid-February 1981 warming are analyzed (Figs. 9a and
9). Below about 26 km, the development of an intense equatorward
wavenumber 1 transport is observed (Fig. 9a). This transport reached a peak
intensity of 2.7 x 1012 polecules cm™3ms"! at 16 km about February 17, 1981.
Above 26 km, the wavenumber 1 transport is relatively weaker than below.
Nevertheless, a layer of poleward mass transport between 26 km and 38 km and
also a layer of equatorward transport above 38 km are noticeable (Fig. 9a).
The calculated results of wavenumber 2 ozone mass transport indicate a
contribution that is generally much smaller than that of wavenumber 1 except
in regions below 22 km during the first 2 to 3 days (Fig. 9b). In these
regions, poleward eddy transport is observed during those days. The sum of
the first three components of eddy ozone mass transports is displayed in
Fig. 9. It is obvious that an intense equatorward transport developed
below approximately 26 km. This development seems to be associated with the
decaying of a poleward eddy ozone mass transport in the layer between 26 km

and 40 km as revealed from the first 3 days of this data period. Although
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this poleward transport became rather weak by the 3rd day, a thin layer of
poleward transport centered at altitude 34 km is still noticeable in the
remainder of the data period. From Fig. 9, it is clear that the wavenumber
1 component plays a dominant role in the eddy ozone mass transport in this
mid-February 1981 warming. As indicated in Fig. 9c, the peak of the
equatorward transport occurred around February 16, 1981, at ~16 km. The
vertical integrated mass flux of ozone (10-30 km altitude) on this day is

found to be (3.2 + 0.08) x 1020 molecules cm 2 cms ! to the south.

In WMC (1983), the ozone and temperature eddy transports in the upper
stratosphere (above 35 km) were shown acting in opposite directions in both
wavenumber 1 and 2 components. Of particular interest, both the wavenumber
1 ozone and temperature eddy transports show a change in their direction on
about the same day. To see whether such a feature exists in the middle
February 1981 warming, the eddy transports of temperature have been
calculated. The results are shown in Fig. 10. The most distinct feature of
the temperature wavenumber 1 transport (Fig. 10a) is the development of a
poleward transport above about 30 km with the peak at about 44 km. This
peak reached its maximum intensity (~67°K m/sec) on approximately February
14, and decreased steadily thereafter. Below about 30 km, only mild
equatorward eddy heat transports are observed (Fig. 10a). In the case of
wavenumber 2, a decrease of the poleward heat transport is generally
observed throughout most of the altitude range of this study during the
middle February 1981 warming (Fig. 10b). The net eddy heat transports is
shown in Fig. 10c. It exhibits a rather similar time variation as that of

wavenumber 1, with a distinct layer of poleward eddy heat transport above
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30 km centered at about 40 km, particularly on February 1l4. It should be
noted that the daily values of the temperature difference between 80°N and
50°N at 30 mb pressure level exhibit a temperature reversal on about
February 14, 1980 (Labitzke, 1982). This activity occurred about the same
time that the eddy heat transports began to change direction from poleward
to equatorward. As mentioned earlier, the wavenumber 1 ozone transport
during the period of the data set in this study shows the peak equatorward
transport at an altitude of 44 km. In addition, this peak reached its
maximum intensity also on February 14. Thus, the observed wavenumber 1 of
ozone and temperature transports are negatively correlated during this mid-
February 1981 warming. In the case of wavenumber 2, it is found that the
behavior of ozone and temperature transports are showing similar negative
correlation above 40 km. In particular, in this altitude region, they both

changed transport direction sometime between February 20 and 21.

d. Phase relationships between the eddy fields

The phase relationship between ozone, temperature, and meridional
velocity waves of wavenumber 1 component on February 13, 1981, is shown in
Fig. 1la. The horizontal bars, as in WMC (1983), are the computed
uncertainty of the calculated phase based on the given uncertainty of SAGE
and meteorological data. It can be seen in Fig. 1lla that the ozone and
temperature waves are mnearly out of phase above approximately 42 km, whereas
below about 27 km, they are closely in phase. In the region between
approximately 27 km and 42 km, a change from the in-phase relationship below
27 km to an out-of-phase one about 42 km takes place. As to the phase
relationship between ozone and meridional waves, it is observed that they
are generally out of phase below about 25 km and above approximately 43 km

17



(Fig. 1la). They become closely in phase at altitudes centered at 30 km.
This phase relationship explains the vertical variation of the wavenumber 1
ozone transport which was observed on February 14, 1981 (Fig. 8a). The
phase relationship between temperature and meridional waves can also be seen
in Fig. 10a. In the region above 32 km, their phase difference is less than
m/2 and is greater than /2 in the region below. This feature explains the
two distinct regions of different heat transport direction which were
observed on the corresponding date (Fig. 10a). The phase relationship of
wavenumber 2 components on February 13, 1981, is shown in Fig. 1lb. The
ozone and temperature waves are observed to be out of phase above 42 km.
Below 38 km, they are generally in phase. A similar phase relationship also
can be found to exist between ozone and meridional velocity waves. The
wavenumber 2 component of the temperature and meridional velocity waves are
observed to be closely in phase throughout the entire altitude range of this
study on February 13, 1981. This phase relationship between temperature and
meridional waves accounts for the poleward heat transport at all altitudes
on this particular date. The phase relationship between ozone, temperature,
and meridional velocity waves on February 17, 1981, are shown in Figs. llc
and 11d for wavenumber 1 and wavenumber 2, respectively. As can be seen,
the phase relationships are generally similar to those on February 13

between the corresponding wave components.

The detailed time variation of the wavenumber 1 phase relationship over
the period of the data set at altitudes 44 km and 26 km are shown in
Figs. 12a and 12b, respectively. The former shows the typical phase
relationship in the upper stratosphere and the latter depicts that in the
lower stratosphere. It is evident that an out-of-phase relationship between

18



ozone and temperature waves in the upper stratosphere and a nearly in-phase
relationship in the lower stratosphere occurred throughout during the mid-
February 1981 warming. Similar phase relationships can also be found for
wavenumber 2 components (Fig. 12¢ and 12d). The evolutions of the phase of

meridional velocity waves are also shown in Figs. 12a to 12d for comparison.
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4. SUMMARY AND CONCLUSIONS

In this paper, the planetary waves of the ozone mixing ratio,
temperature, and meridional velocity near 52°N during the middle February
1981 stratospheric warming have been analyzed by utilizing SAGE ozone data
and associated meteorological information. In addition, the eddy ozone and

temperature fluxes during this warming were also examined.

The results show clearly large temperature wavenumber 1 developments in
the upper stratosphere centered at an altitude of about 44 km and also in
the lower stratosphere with a peak at about 22 km. The maximum intensities
of approximately 12°C and 10°C in the upper and lower stratospheres,
respectively, occurred on February 15, 1981. Comparatively, the
corresponding wavenumber 2 component is much weaker in intensity, especially
in the upper stratosphere. Nevertheless, the wavenumber 2 activities in the
lower stratosphere, centered at 22 km, are clearly visible in the computed
results and were observed to decrease during almost the entire data period
of this study. With respect to the meridional velocity waves, the peak
intensity of the wavenumber 1 component occurred at an altitude of about
37 km on February 14, 1981. The corresponding wavenumber 2 component
exhibited an overall decline of the wave amplitude during this middle
February 1981 warming. The analysis of the ozone mixing ratio wave during
this period exhibits a distinct development of wavenumber 1 in the upper
stratosphere centered at 44 km, with the peak intensity occurring on
February 15, 1981. 1In the lower stratosphere, the ozone wavenumber 1 was
much less active and remained rather steady throughout the entire period of

this middle February warming. This also seems to be the case for the
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wavenumber 2 ozone mixing ratio waves. With respect to the ozone eddy
transports, the results show a layer with poleward transport between
approximately 30 km and 40 km. This transport was found to be decreasing
during this warming period. Above 40 km, ozone was being transported
equatorward with the peak intensity occurring on February 15 at 44 km.
The results also indicate that the wavenumber 1 activity is the dominant
component in this ozone transport. In the case of eddy temperature
transport, the results show large poleward fluxes above about 30 km. The
peak of the fluxes occurs on February 14, 1981, at 44 km. Similar to the
case of ozone transport, the wavenumber 1 component is found to be primarily

responsible for the temperature transport.

The results of this warming have also been compared with those of the
late February 1979 warming. For completeness, the synoptic aspects of the
large scale disturbances during the winter of 1980-1981 were discussed and
similar discussions for the winter of 1978-1979 were included for
comparative purposes. It is interesting to note that in contrast to the
late February 1979 warming which involves disturbances with a wavenumber 2
component, this middle February 1979 warming is associated primarily with
large amplifying wavenumber 1 disturbances (Figs. 2c and 3c). Despite the
distinct difference in the planetary wave activities between these two
warming events, many common features are clearly evident. First of all, the
results show that the development of the ozone wavenumber 1 component in the
upper stratosphere was closely associated with that of corresponding
temperature waves. More specifically, they are negatively correlated. This
feature 1is also noticeable in the case of the wavenumber 2 component,
although it is not as distinct as is wavenumber 1. Furthermore, in both
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warmings, there was a rapid increase in the zonally averaged ozone column
abundance. This increase was shown to be a response to the increases of the
zonal mean ozone number density in the lower stratosphere centered at an
altitude of about 20 km. With respect to the ozone mixing ratio transports
associated with the waves, the results generally show the equatorward
transport in the upper stratosphere and poleward transport in the middle
stratosphere. In the lower stratosphere, the transport is much less
intense. The equatorward ozone transport in the upper stratosphere is found
to be accompanied by poleward heat transport during both warming events. As
to the phase relationship between ozone and temperature waves, the computed
results of this warming event also show three distinct layers, i.e., an out-
of-phase relationship in the upper stratosphere and an in-phase relationship

in the lower stratosphere, with a transition layer in between.

Finally, in contrast to the warming case studied by WMC (1983), which
involves wavenumber 2 activity, this analysis was devoted to a warming
dominated by wavenumber 1 development. Although the data period covers only
10 days, it includes the second half of the major midwinter warming
according to Labitzke and Goretzki (1982). Furthermore, like the analysis
of WMC (1983), the results of this investigation can provide wuseful
information for modeling winter circulation in the northern high latitude
stratosphere and for simulating planetary wave development and its transport

effects.
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TABLE

The Number of Profiles and the Averaged Latitude of SAGE
Observations from February 12 - 21, 1981

Date Number of Averaged Latitude
(February) Profiles {°N)
12 15 49.47
13 14 50.94
14 15 52.05
15 15 52.84
16 15 53. 34
17 15 53.55
18 15 53.50
19 15 53.18
20 15 52.59
21 14 51.69
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The latitudinal coverage of SAGE sunset measurements.

Constant-pressure upper air maps at 30 mb for (a) January 14,
1981; (b) January 25, 1981; (c) February 15, 1981; and
(d) February 22, 1981. isobaric altitude 1lines,
------ isotherms. Solid circles on (c¢) denote the SAGE measurement
locations.

(Constant pressure upper air maps at 30 mb for (a) February 9,
1979; (b) February 18, 1979; (c) February 25, 1979; and
(d) March 2, 1979. isobaric altitude lines,
----- isotherms. Solid circles on (c) denote the SAGE measurement
locations.

Evolution of the amplitudes (°C) of the first two temperature waves
[(a) and (b), respectively, contour interval 1°C]; and (c) the
zonal mean temperature K (contour interval 4°C) during the middle
February 1981 warming (~52°N).

Evolution of the amplitudes (ms'l) of meridional velocity waves
during the middle February 1981 warming {~52°N); (a) wavenumber 1,
(b) wavenumber 2; contour interval 4 ms™ .

Evolution of the amplitudes (ppmv) of the first two ozone waves,
and the zonal mean ozone during the middle February 1981 warming
(~52°N): (a) wavenumber 1; (b) wavenumber 2, contour interval
0.2 ppmv, and (c) zonal mean ozone, contour 0.8 ppmv.

Evolution of (a) zonal mean ozone number density, contour interval
0.8, scale by 10712 ip unit cm'3; and (b) ozone columnar density at
altitude 10 km during the middle February 1981 warming (~52°N).

Time variations of eddy ozone flux (ppm ms'l) due to (a) wave-
number 1, contour interval 1 ppm ms ™+, and (b) wavenumber 2,
contour interval 0.5 ppm msl. The sum of the first three waves is
given in (c), contour interval 1.5 ppm ms~1, (+ poleward,-
equatorward).

Time variations of eddy ozone mass transport (molecule cm™3 ms'l)
due to (a) wavenumber 1; and (b) wavenumber 2, contour interval

0.25 molecule cm™3 ms"l. The sum of the first three waves is given
in (c¢) contour interval 1 molecule cm 3 ms-1, Scaled by 10~
(+ poleward, - equatorward).

Time variation of eddy heat flux (k ms'l) due to (a) wavenumber 1,
contour interval 10°C ms'l; (b) wavenumber 2, contour interval 5°C
ms~~, and (c) the sum of the first three waves, contour interval
10°C ms™*. ( poleward, ----- equatorward).
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Figure 11

Figure 12

Phase relationship between ozone mixing ratio (solid 1line),
temperature (dashed line), and eddy meridional velocity (solid and
dashed 1line) waves during the middle February 1981 warming
(~52°N). Phase increases westward: (a) wavenumber 1,
Feburary 13, 1981; (b) wavenumber 2, February 13, 1981;
(c) wavenumber 1, February 17, 1981; and (d) wavenumber 2,
February 17, 1981.

Time variation of the phase relationship between ozone mixing
ratio (solid line), temperature (dashed line), and eddy meridional
velocity (solid and dashed line) waves during the middle February
1981 warming (~52°N). Phase increases westward: (a) wavenumber
1, 44 km altitude; (b) wavenumber 1, 26 km; (c) wavenumber 2,
44 km; (d) wavenumber 2, 26 km.
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middle February 1981 warming (- 52°N).
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Fig. 12. Time variation of the phase relationship between ozone mixing ratio
(solid line), temperature (dashed line), and eddy meridional velocity
(solid and dashed line) waves during the middle February 1981
warming (v 52°N). Phase increases westward: (a) wavenumber 1,
4y km altitude; (b) wavenumber 1, 26 km; (c) wavenumber 2, 44 km;
(d) wavenumber 2, 16 km.
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